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Abstract 
The temperature of rubber-like materials increases under cyclic loadings due to their dissipative behavior and low thermal 
conductivity. This well-known phenomenon, called “heat build-up” in the rubber community, has attracted the attention of 
researchers for a long time. But, to our knowledge, no published studies have tried to link the temperature rise to a fatigue 
behavior, as already done on some metallics. Two main points are discussed in this paper. The first one is dedicated to heat build-
up measurements: a dedicated experimental protocol is developed to capture the instantaneous heat build-up (taking into account
the thermomechanical couplings) and, based on this protocol, a heat build-up experiment is defined in order to link the steady-
state temperature to the maximum principal strain. A discussion on the correlation between these results and the fatigue behavior 
is opened and illustrated for several industrial materials. The second point investigates the ability to couple X-ray ȝ-tomography 
measurements presented in another paper [1] to the former heat build-up results in order to predict the initiation lifetime. An
approach based on a critical energy criterion is proposed and the comparison to a classic Wöhler curve approach gives good 
results.
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1. Introduction 
Rubber-like materials are extensively used in industrial applications because of their ability to undergo large 
deformations and of their damping behavior. Elastomeric components used in the automotive industry, such as 
engine mounts and torque rods, are submitted to cyclic loadings and a good conception towards fatigue phenomenon 
is therefore mandatory to ensure the safety of these structures. Fatigue initiation properties are studied by submitting 
a specimen of a given geometry to a given cyclic load and measuring the number of cycles needed to reach a end-of-
life criterion (presence of a crack of a given size, fracture of the specimen or stiffness loss). From theses results, the 
so-called Wöhler curve is built. To be reliable, this classical approach presents at least two main disadvantages: it 
requires long duration tests and a large number of specimens (usually a minimum of 25 specimens is needed) in 
order to have a good estimation of the fatigue intrinsic dispersion. These two disadvantages obviously limit the 
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study of fatigue properties and the determination of the influences of some parameters (load ratio, ageing effects, 
etc.) on these properties. To reduce this cost (in time and money), other methods have to be developed. 
For several years, different methods for the rapid estimation of mean fatigue of metallic material based on 
temperature measurements (see [2] and references therein), have been developed. The aim of this paper is to 
investigate the opportunity to use these methods for rubber-like materials. In a ﬁrst part, a heat build-up experiment 
and the associate analysis suitable for metallic materials is reminded. Based on this protocol, a heat build-up 
experiment suitable for rubber-like materials is proposed. Taking into account the speciﬁc aspects of this kind of 
materials (large displacement), the experiment links the temperature rise to the maximum principal strain. In a third 
part, the relevance of a link between thermal measurements and fatigue properties is discussed from results 
measured on ﬁfteen industrial materials. Even if an empirical approach gave some interesting results, it is also 
observed, as expected, that the viscosity has a first order influence on the temperature rise. It is therefore difficult to 
identify the dissipated energy related to the fatigue mechanisms. These fatigue mechanisms are strongly linked to 
the flaw population and to the cavities created along the fatigue tests. In a forth part, we consequently use 
microstructural information obtained from a X-ray computed ȝ-tomography investigation to evaluate the ratio of the 
global dissipated energy to the one related to fatigue damage. A critical energy criterion is then applied and the 
results are compared to a classical Wöhler curve. This comparison exhibits a very good correlation, opening a new 
field of investigation.  
Nomenclature 
T temperature [°C]  
İmax maximum principal strain [%] 
Ĭ steady-state heat build-up (subscript min: non deformed position, max : maximum deformed position) 
dϖ  defect volumic density [mm
-3]
Ni number of cycles to initiation 
CDE critical dissipated energy 
2. Heat build-up measurements for metallics 
For several years, different methods for the rapid estimation of the mean fatigue limit based on temperature 
measurements have been developed. They consist in applying successive sets of a given number of cycles for 
increasing stress levels (figure 1a). For each stress levels, the change of the temperature variation 
( ) 2TTT 21 +−=θ , where T is the current temperature of the specimen measured using a thermocouple or an IR 
camera, T1 and T2 are the current temperatures of the lower and upper grips, is recorded and the steady-state 
temperature is determined (figure 1b). Beyond a given limit, it is observed that that steady state temperature starts to 
increase significantly (Fig. 1c). This change is correlated with a state where the fatigue limit is exceeded and can be 
related to the apparition of microplasticity, i.e. plasticity at a microscopic scale, which occurs in the material and 
govern the fatigue properties. A correlation between the mean fatigue limit and the heat build-up is illustrated on 
Figs 1c and 1d [3]. More recently, the development of a two-scale probabilistic model has shown that heat build-up 
tests permit to identify not only the mean fatigue limit but also the scatter of classical fatigue results. Indeed, by 
using the two scale probabilistic model and an energetic criterion based on a constant critical dissipated energy, it is 
possible to predict the Wöhler curve for any given probability of failure using a single specimen in less than half a 
day [2]. 
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Fig. 1. Empirical method to correlate heat build-up measurements to mean fatigue life [2]. 
3. Dedicated experiment for rubber-like materials 
We describe in this section the adaptation of the heat build-up test to rubber-like materials and the method that 
has been employer to build a heat build-up curve. The first step is to propose an accurate temperature measurement. 
3.1. Temperature measurements 
A heat build-up experiment can be defined as a succession of cyclic tests of increasing loading conditions during 
which the temperature of the specimen is measured. The number of cycles used for each loading conditions is the 
number of cycles needed for the temperature to stabilize (2000 cycles at 2 Hz are sufficient for rubber-like 
materials). For the temperature measurements, we are facing two technical problems: we have to set-up an 
experiment that takes into account the large displacement of the specimen during the deformation and to properly 
define a heat build-up temperature. The responses of these problem were depending on the technological solution 
retain for the temperature measurements. We have chosen to use an infrared camera which give access to 2D 
measurements with a high acquisition rate (50 frames/s) and a very good precision (about 30 mK). One drawback of 
this technology is that only surface measurements can be performed, but as the specimen used (called AE2 in the 
following) is thin, a too high skin/core temperature ratio should be avoided.  
Figure 2 presents one example of temperature variations during one loading block. Four characteristic 
temperatures are plotted. Tmin and Tmax are respectively the temperature related to the extrema of the mechanical 
load (non deformed and maximum deformed), and Tgripupper and Tgriplower are the temperature of the upper and lower 
grip and give an indication of the global heating of the testing machine during the test. We should remark that each 
IR movie is richer than this temperature envelope as shown on Fig. 3, which represents the evolution of the 
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Fig. 2. Evolution of the characteristic temperatures (a) and temperature mappings associated to the 10th film (b). 
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temperature of the central zone of the specimen during the mechanical load once the steady state temperature is 
reached. We can clearly distinguish the thermomechanical couplings and note that the temperatures associated to the  
non-deformed and maximum deformed are not necessarily the minimum and maximum deformed temperatures 
reached during the cycle because of the thermodynamic inversion phenomenon [4,12]. Nevertheless, these 
temperatures are used to build the temperature variation envelope presented on Fig. 2. As we can see on figure 2, no 
sensitive evolution of the testing machine temperature is observed. The heat build-up can therefore be calculated by 
the difference between the current temperature of the central zone of the specimen and the temperature at the 
beginning of the block.  
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Fig. 3. Thermomechanical couplings term corresponding to the 10th film related to Fig. 2. 
3.2. Heat build-up curve construction 
A heat build-up curve is then built by associating a fatigue life predictor (for fatigue crack nucleation) to the 
steady-state temperatures Ĭmax and Ĭmin measured during the successive load blocks. For the fatigue of rubbers, 
there is no universally used predictor [5], but as all experiments are displacement controlled, we chose the maximum 
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principal strain İmax which is one of the most commonly used [6-8], and because this predictor has been proven to be 
relevant for the AE2 specimen [8]. A heat build-up curve is therefore plotted from the steady-state temperatures as a 
function of the maximum principal strain as shown on Fig. 4.  
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Fig. 4. Heat build-up curve and empirical processing. 
4. Results and discussion on thermal measurements 
4.1. First observations 
At this stage of the study, we were evaluating if an empiric protocol similar to the one used for metallic materials 
can be applied to rubber-like materials. In order to take into account several kind of materials, a wide range of 
industrial materials was investigated (more than 15 materials were tested). We followed here a threefold approach: 
• To identify an empirical protocol giving the maximum strain leading to an initiation after 106 cycles for a given 
material (model material); 
• To apply this protocol on several materials in order to check its validity; 
• To investigate its sensitivity to the viscous dissipation. 
Figure 4 presents the temperature measurements obtained for material G (cf. table 1) and a proposal of empirical 
analysis, similar to the one proposed for metallic materials. The material G was chosen because it presents a tan į of 
average value. As the fatigue mechanisms are only dissipative, we used only the rise of temperature corresponding 
to the dissipative source (o symbols on Fig. 4). This protocol was then used to analyze the heat build-up curves 
obtained from seven other materials. The results and the mechanical data are afforded in table 1. It can be observed a 
very good agreement between the values provided by a Wöhler curve and the graphical analysis proposed. What can 
also be observed is that we observe the same ranking from a fatigue point of view and from a viscous point of view 
(roughly evaluated from their tan į). As this fact was also observed for the other tested materials (not presented 
here), a not yet resolved question is: what is really measured during a heat build-up test?  
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Table 1. Comparison between the identified and the estimated 106 cycles strain 
reference tan į Ni (100%) İ106cycles İevaluated error 
A < 1 106 100% 100% 0%
B 2.3 237000 60% 69% 15%
C 3 170000 55% 62.5% 13.6% 
D 4 123000 44% 55% 25%
E 6.6 83600 32% 30% 6.2% 
F 12.9 52000 30% 30% 6.6% 
G 12.9 16000 55% 50% 9%
H 23.3 8000 20% 30% 33.3% 
4.2. Sensitivity of the empirical protocol to the viscous dissipation 
Rubber-like materials are known to be hysteretic materials. It is generally assumed in the literature that the 
viscosity is the most important part of this hysteresis [9]. To check this assumption, other tests have been performed 
on well chosen materials exhibiting the same tan į but different fatigue resistance, and materials exhibiting the same 
fatigue resistance but different tan į. Results are shown on Fig. 5. 
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Fig. 5. Heat build-up curves for various "well-chosen" materials. 
Figure 5a shows the experimental results for materials having different tan į and the same fatigue resistance. The 
empirical processing seems to work quite well. Considering now materials having the same tan į and different 
fatigue resistance (Fig. 5b), the curves are very similar and can not lead to isolate an information on the fatigue 
resistance. It can therefore be concluded that even if a rough estimation analysis has proven to be quite effective for 
several materials, a clear separation between the viscous dissipation and a dissipation related to the fatigue 
resistance is far less easy to identify for rubber-like materials than for metallic materials. Moreover, this protocol is 
giving only one point on the Wöhler curve, which is clearly not enough as the slopes of these curves may be quite 
different depending on the nature of the tested materials. Heat build-up tests seem to be a very interesting tool but 
taken alone, is not sufficient to give reliable informations on the fatigue resistance of rubbers, but can serve as input 
data for an energetic criterion. 
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5. Proposition of a new critical energy criterion 
The principle of the approach is simple: there exists a constant cumulative dissipated energy needed to initiate a 
crack called CDE, which is considered as an intrinsic property of the material. This energy based approach is very 
similar to the one proposed by [10] based on a Cracking Energy Density (CED) which is cumulated along the cycles 
and aims at being representative of the crack opening. This “CDE” is simply defined as the sum of the dissipated 
energy by the fatigue mechanisms along the cycles until the number of cycle to initiation is reached. One difficulty 
for rubbers is that this energy is not constant along with cycles because of the material viscosity. But, as a steady-
state temperature is reached during the heat build-up tests, there exists a “constant” dissipated energy (an 
equilibrium between what is lost with the thermal boundary limits and what is afforded by cyclic loadings is 
reached). We can therefore write: 
diss,fatigue/cycle i diss,fatigue/cycle
1
( )
Ni
N
CDE E N N E
=
= ≈ ⋅¦ (1) 
with CDE the critical dissipated energy considered as an intrinsic property, Ni the number of cycles to initiation and 
Ediss,fatigue/cycle the energy dissipated by the fatigue mechanisms. The main difficulty is now to evaluate this energy, 
which is only a fraction of the total dissipated energy. We have chosen to use microstructural data on the defect 
population to evaluate this ratio. These results are detailed on the next section. 
5.1. X-ray ȝ-tomography measurements 
X-ray computed ȝ-tomography was used to investigate the fatigue damage occurring in a polychloroprene rubber 
[11]. We have chosen this technique because it gives 3D results from non destructive measurements and because it 
is particularly adapted to low density materials, especially rubbers. This technique allowed us to study the evolution 
of the defect population along the fatigue cycles and its dependency on the maximum local strain. Thus study 
revealed that the defect volumic density depends both on the number of cycles and the maximum principal strain. It 
also showed that the defect density was evolving quickly during the first step of the fatigue test (less than 10%) and 
was then evolving very slowly. Moreover, the evolution of the defect population was measured and results are 
shown on Fig. 6. We therefore know the dependency of the defect density with respect to the maximum principal 
strain. The idea is now to use these data to estimate the dissipated energy by the fatigue mechanisms. 
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Fig. 6. Evolution of the defect population with respect to the maximum principal strain. The legend correspond to the macroscopic displacement 
applied to the specimen. 
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5.2. Simplification of the criterion 
The idea is now to modify the criterion by taking into account the IR and X-ray measurements. The first hypothesis 
is to consider that the ratio between the total dissipated energy and the one related to the fatigue mechanisms 
(whatever the kind of dissipation it leads to) is linearly dependant on the defect density. It would then come: 
diss,fatigue/cycle d diss/cycleE A V Eϖ= ⋅ ⋅ ⋅ (2) 
with A a constant, dϖ  the defect volumic density, V the considered volume and Ediss/cycle the total dissipated energy 
during one fatigue cycle in that volume. The second hypothesis is to consider that the total dissipated energy can be 
evaluated from the temperature rise only. This strong assumption is motivated by the very low thermal conductivity 
of the material and because we consider only the temperature linked to the dissipation, with no thermomechanical 
couplings. Moreover, by considering that the thermal losses are linearly dependant on the temperature rise, we can 
write:
diss/cycle minE B= ⋅Θ (3) 
with B a constant parameter and Ĭmin the stabilized minimum temperature rise in the central zone of the specimen 
(i.e. measured in the non deformed position of the sample and relating to the intrinsic dissipation only), which is 
dependant on the maximum imposed deformation. From equations (1) to (3), it comes, for a given volume:
i d minN ϖ⋅ ⋅Θ = C (4) 
with C a constant parameter specific to the material and dependant on the studied volume. 
5.3. Experimental validation of the approach 
In this section, we propose an experimental validation of the approach on a polychloroprene rubber. The input 
data are: an initiation lifetime taken from a Wöhler curve (Ni vs İmax), the defect volumic density curve obtained 
from the X-ray tomography measurements (ϖd vs İmax) and a heat build-up curve (Θmin vs İmax) taken from the IR 
measurements (Fig. 7). 
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Fig. 7. Input data for the validation of the approach. 
The validation of the criterion will be done in 2 steps. The first step is to identify the constant C introduced in 
equation 4 for several maximum principal strains and to check, whether or not, this parameter is a constant. This 
constant is evaluated for 3 different strain levels (30, 70 and 110%). The values of Ni, ϖd and Θmin are first 
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identified for those strain levels using the fitted power laws presented on figure 7. The table presents the results and 
we note that they are very similar, which is quite promising. 
Table 2. Evaluation of the constant C (equation 4) for various strain levels 
İmax [%] Ni [cycles] dϖ  [mm
–3] Ĭmin [°C] C (eq. 4) [°C mm–3]
30 106 0.2 2.2 440 000 
70 3.5·104 1.5 8.2 430 500 
110 6.5·103 4.5 15.2 444 600 
The second step of validation is to build an initiation curve from equation 4 using the constant identified on one 
strain level (30%) and power law fitted on the input curves (Figs. 7b and 7c). The curve obtained is presented on 
figure 8 and exhibits a very good agreement with the experimental results. As the values obtained for the constant C 
and given in Tab. 2 were varying a little, we also plotted the same curves with a variation of 10% from the value of 
the constant used to build the curve in order to have an estimation of the sensitivity of the model on that parameter. 
We can still note a very good agreement between the proposed approach and the experimental result, which 
validates our model. 
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Fig. 8. Prediction of the Wöhler curve using the proposed approach. 
6. Conclusions 
In this study, we focused on the development of a heat build-up test, which relates the maximum principal strain 
to the temperature rise. A very first step was to propose an accurate temperature measurement taking into account 
large displacement and that could discriminate the temperature rise induced by cumulative dissipation from the 
thermomechanical couplings contribution. More than fifteen industrial materials have been tested in order to 
experiment the ability of that kind of test to be representative of the fatigue resistance of rubber-like materials. 
These tests provided promising results but a quick analysis is still delicate because of the highly viscous nature of 
these materials. In order to propose a physically based evaluation of the dissipated energy related to the fatigue 
defects, we used results from another paper [11]. The defect volumic density was used to evaluate the ratio of the 
total dissipated energy, deduced from the heat build-up measurements that could be related to the fatigue damage.  
An energy based criterion was then proposed and validated on a polychloroprene rubber. The correlation between 
the fatigue results obtained from a Wöhler curve and those from the proposed approach is excellent and clearly calls 
further developments and validation on other materials, which is currently undertaken.  
V. Le Saux et al. / Procedia Engineering 2 (2010) 949–958 957
10 V. Le Saux et al./ Procedia Engineering 00 (2010) 000–000 
Acknowledgements 
The authors would like to thank the Brittany region for its financial support and all the partners involved in the 
FEMEM project.  
References 
[1] Marco Y, Le Saux V, Calloch S, Charrier P. X-ray computed ȝ-tomography: a tool applied to the characterization of the fatigue defect 
population in a polychloroprene rubber. Proc Eng 2010; Fatigue 2010 (Prague).
[2] Doudard C, Calloch S, Cugy P, Galtier A, Hild F. A probabilistic two-scale model for the HCF life predictions. Fatigue Fract Engng 
Mater Struct 2005;28:279–88. 
[3] Luong M. Infrared thermography of fatigue in metals. SPIE 1992;1682:222–33. 
[4] Joule JP. On some thermodynamics properties of solid. Phil Trans Roy Soc Lond 1859;149:91–131. 
[5] Mars WV, Fatemi A. A literature survey on fatigue analysis approached for rubber. Int J Fatigue 2002;24:949–61. 
[6] Cadwell S, Merrill R, Sloman C, Yost F. Dynamic fatigue life of rubber. Ind Eng Chem 1940;12:19–23. 
[7] Roberts B, Benzies J. The relationship between uniaxial and equibiaxial fatigue in gum and carbon black filled vulcanizates. Proc 
Rubbercon’77 1977;2.1–2.13. 
[8] Ostoja-Kuczynski E. Comportement en fatigue des élastomères: application aux structures antivibratoires pour l’automobile. Ph.D. 
thesis, Ecole Centrale de Nantes, Université de Nantes, 2005. 
[9] Bergström J, Boyce MC. Constitutive modeling of the large strain time-dependant behavior of elastomers. J Mech Phys Solids
1998;46:931–54. 
[10] Mars WV. Multiaxial fatigue of rubber. Ph.D. thesis, University of Toledo, 2001. 
[11] Le Saux V, Marco Y, Calloch S, Charrier P. Evaluation of the fatigue defect population in an elastomer using X-ray computed micro-
tomography.  Polym Eng Sci 2009; submitted october 2009. 
[12] Le Saux V, Marco Y, Calloch S, Doudard C, Charrier P. Fast evaluation of the fatigue lifetime of elastomers based on a heat build-up 
protocol and micro-tomography measurements, Int J Fatigue 2010, doi: 10.1016/j.ijfatigue.2010.02.014. 
958 V. Le Saux et al. / Procedia Engineering 2 (2010) 949–958
